A new ion-imprinted polymer (IIP) was prepared by the copolymerization of vinylpyridine as the monomer, ethylene glycol dimethacrylate as the cross-linker and benzoyl peroxide as the initiator in the presence of a Cu(II)-salen complex. The synthesized polymers were characterized by FT-IR, TGA and XRD techniques. To study the adsorption behaviour of the adsorbent, the Cu(II) ion which acts as the template in the salen-functionalized polymer was eluted with 0.1 M HNO 3 . The effect of different experimental conditions on the adsorption capacity was studied. At Cu(II) ion concentrations of 30 ppm and at a pH value of 6.2, an adsorption capacity of 26 mg/g was obtained. Such an adsorption capacity at low Cu(II) ion concentrations is very significant and much higher than that obtained for Zn(II), Ni(II) and Co(II) ions. The relative selectivity coefficient of IIP for Cu(II)/Zn(II), Cu(II)/Ni(II) and Cu(II)/Co(II) was calculated, when it was demonstrated that the polymer is highly selective towards Cu(II) ions. The method was also used for a real sample. The results showed that the new adsorbent can be used for the pre-concentration of Cu(II) ions at low concentration and in the presence of Zn(II), Ni(II) and Co(II) ions.
INTRODUCTION
As a result of the development of industrial activities, the amount of transition metals released into the environment has shown a continuous increase. In addition, it has been demonstrated that large amounts of many heavy metals such as copper, zinc, lead, cadmium and mercury seriously affect environment health because of their toxicity, accumulation in the food chain and persistence in Nature. Since copper and its compounds are widely used as chemical materials in modern society, the presence of Cu(II) ions is widespread in natural waters and soils. Copper plays a significant role in ecosystems. It is an essential micronutrient for living organisms. It is generally accepted that the free cupric ion is highly toxic towards marine organisms (Wong et al. 1999; HarwoodSear and Gordon 1990; Franklin 1983; Ramachandran et al. 1997) .
The sensitivity of many analytical techniques, e.g. flame atomic absorption spectrometry (FAAS), is insufficient for trace analysis (Broekaert 2002) and, accordingly, a pre-concentration method is required to obtain better detection limits and to enable determination of the analyte at trace concentrations (Fang 1995) . Traditional separation methods for metal ions are liquid-liquid extraction, co-precipitation and ion exchange. These methods often require large amounts of high purity organic solvents, some of which are harmful to health and cause environmental problems (Singh and Mishra 2010) . Solid-phase extraction (SPE) is widely used as a powerful and fast emerging sample-preparation technique for the separation or enriching of selected analytes. Recently, this method has been used for the pre-concentration or separation of metal ions due to its flexibility, higher enrichment factors, absence of emulsion, safety with respect to hazardous samples, minimal costs due to low consumption of reagents and easy of automation (Thurman and Mills 1998; Lee et al. 2001) . However, the main drawback of the SPE method is the relatively low selectivity of the adsorbents used.
As a means of solving this problem, the idea of using the molecular/ion-imprinting method for preparing selective adsorbents (IIPs) has been introduced (Dakova et al. 2007) . Three steps are involved in the synthesis of IIPs: (i) complexing the appropriate ligands to the template (metal ion); (ii) polymerization of the resulting complex; and (iii) removal of the template from the polymer. As a result, IIPs are capable of binding the template with improved selectivity over any other metal ions present in a sample. The high selectivity of IIPs is strongly influenced by the selectivity of the ligand, its coordination geometry, coordination number, charge and size (Wulff 1995; Say et al. 2003) .
EXPERIMENTAL

Chemicals
4-Vinylpyridine (4-VP) and ethylene glycol dimethacrylate (EGDMA) were purchased from Acros Organics (Pittsburgh, PA, U.S.A.) All other reagents were of A.R. grade as obtained from Merck (Darmstadt, Germany). Stock solutions of the cations were prepared by dissolving appropriate amounts of copper acetate [for Cu(II) ions] and nitrate salts (for other cations) in doubly distilled water. Britton-Robinson buffers were prepared by mixing an acidic solution consisting of 0.04 mol/ phosphoric acid, 0.04 mol/ boric acid and 0.04 mol/ acetic acid with 0.2 mol/ sodium hydroxide solution in appropriate ratios.
Apparatus
A Shimadzu AA-670 atomic absorption spectrometer was used for the determination of copper, nickel, zinc and cobalt. Hollow cathode lamps were used as the radiation source at respective wavelengths of 324.8, 232.0, 240.7 and 213.9 nm for Cu, Ni, Co and Zn. A model 827 Metrohm digital pH meter was used for pH measurements. FT-IR spectra were recorded over the wavenumber range 4000-400 cm -1 employing the KBr pellet method in conjunction with a JASCO FTIR-6300 spectrometer. X-Ray diffraction (XRD) patterns were taken using a D8 ADVANCE X-ray diffractometer (Bruker, Germany). Thermogravimetric analysis of the polymer was conducted using a Simultaneous Thermal Analyzer (STA)/Thermogravimetric Analyzer (TGA) 503 instrument (BAHR, Germany). CHN analyses were carried out using a CHNS-932 analyzer. The concentration of metal ions was determined by flame atomic absorption spectrometry.
Synthesis of the Cu(II)-salen complex
The chelating ligand (salen) was prepared as follows. Firstly, 0.02 mol of salicylaldehyde and 0.01 mol of ethylenediamine were dissolved in 100 m of ethanol. The yellow crystals of salen produced were filtered and dried. The FT-IR spectrum of the sample showed the following characteristic bands: 1634 cm 
Synthesis of the Cu(II) ion-imprinted polymer
The salen-Cu(II) ion complex (107 mg) and the monomer 4-VP (5.3 mmol) were dissolved in chloroform (10 m ) and the cross-linker EGDMA (27.6 mmol) subsequently added with continuous stirring. Then 220 mg of benzoyl peroxide (BPO) was also added as an initiator. The mixture was cooled to 0 °C and purged with Ar gas for 15 min. It was then sealed and heated on an oil bath at 60 °C for 5 h. The resulting product was crushed and dried in a constant-temperature vacuum oven at 60 °C for 2 h. The resulting copolymers were ground and sieved to 70-200 µm particle size. Selected particles were then treated with a 1:4 (v/v) methanol/water mixture for 10 h, the particles being washed with a large amount of 0.1 M HNO 3 after this time to remove the Cu(II) ions. Finally, the IIP was washed with doubly distilled water and dried in a vacuum oven at 60 °C for 48 h. Non-imprinted polymer was prepared in the same way but employing salen ligand (107 g) rather than the salen-Cu(II) ion complex. Elution of the Cu(II) ions acting as a template in the salen-functionalized silica gel was effected employing 0.1 mol/ nitric acid as the eluent.
Adsorption studies
The adsorption of Cu(II) ions from aqueous solutions was studied in a batch system, with the effect of varying pH, initial concentration, time and temperature on the adsorption capacity being examined. In all experiments, the amount of adsorbent was kept constant at 25 mg per 25 m . The pH of the solution was adjusted via the Britton-Robinson buffer. The adsorption capacity was calculated using the equation:
where Q represents the adsorption capacity (mg/g), C 0 and C represent the initial and equilibrium concentration of Cu(II) ions (mg/ ), V is the volume of the aqueous phase (m ) and M is the mass of polymer employed (mg). The competitive adsorption of Cu(II), Zn(II), Co(II) and Ni(II) ions was also studied in a batch system. For this purpose, 25 m of each metal ion solution (30 ppm) was shaken with 25 mg of IIP for 90 min at pH 6.2. After equilibration, the concentration of each ion in the filtrate was determined by FAAS.
For the pre-concentration of Cu(II) ions, 100 m of aqueous solutions within the concentration range 0.05-1 µg/m were treated with IIP for 90 min at pH 6.2, following which the IIP was separated by centrifugation and washed with 2 m of 1 M HNO 3 solution. Finally, the concentration of Cu(II) ions was determined by FAAS.
Re-usability of the adsorbent
To test the re-usability of the imprinted adsorbent, it was subjected to eight adsorption/elution cycles. The adsorption cycles were performed under optimized conditions while the elution operation was carried out by shaking 0.2 g of the adsorbent with 25 m of 0.1 M HNO 3 . At the end of each cycle, the amount of Cu(II) ions in the eluted solution was measured.
RESULTS AND DISCUSSION
Characterization of the polymers
FT-IR spectra
The FT-IR spectra of IIPs (leached and un-leached) and non-imprinted polymeric materials were recorded by the KBr pellet method [see Figures 1(a)-(c)]. It will be observed that no band was present in the 1648-1638 cm -1 region of the spectrum, indicating the absence of vinyl groups and suggesting that vinyl pyridine is polymerized. In addition, all the polymers had similar IR spectra. This observation indicates that the polymer backbone is similar in un-leached and leached IIP and in the non-imprinted polymer, suggesting that salen is retained by the polymer even after leaching. 
X-Ray diffraction
The 
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Thermal analysis
Figure 3 overleaf shows the TG curves for the un-leached, leached and control Cu(II) ion-imprinted polymer materials. It will be seen that all the samples exhibited similar TG curves. The slight weight loss of the un-leached IIP sample commenced at 120 o C and continued up to 250 °C. This weight loss peak is attributed to the thermal decomposition of the Cu(II)-salen complex, since it was not observed in the TG curves of the leached and control IIP materials. Another weight peak observed in the thermal curves of the studied samples commenced at 290 °C and is attributed to the decomposition of the IIP material. Figure 4 shows that the adsorption capacity of the IIP towards Cu(II) ions was time-dependent. Thus, the rate of adsorption was high at the beginning of the process and then attained a saturation value (i.e. adsorption equilibrium) gradually over a period of 90 min. The relatively rapid attainment of adsorption equilibrium may be attributed to the high rate of complex formation between the Cu(II) ions and the template groups in the polymer structure. 2) where Q max is the maximum adsorption capacity (mg/g), b the Langmuir constant (g/mg) and C e is the equilibrium Cu(II) ion concentration in solution (mg/g).
Adsorption of Cu(II) ions
Effect of adsorption time
Adsorption capacity
The Freundlich isotherm describes reversible adsorption and is not limited to the formation of a monolayer. This empirical equation takes the form: (3) where K F and n are the Freundlich constants related to the adsorption capacity and the adsorption intensity, respectively. In the light of the view expressed in the literature that the values of R 2 may be regarded as a measure of the goodness-of-fit of the experimental data by the isotherm models (Al-Asheh et al. 2003) , the Freundlich model (R 2 = 0.994) was more applicable than the Langmuir model (R 2 = 0.945) in interpreting the data arising from the adsorption of Cu(II) ions by the IIP.
Effect of pH
The formation of a complex between a ligand and a metal ion is often dependent on the pH of the medium. To study the pH effect, Britton-Robinson (phosphate borate) buffers with a wide range of pH values (3-7) were employed. At pH values below 3, the adsorption capacity of the IIP towards Cu(II) ions was very low due to protonation of the active sites of the imprinted polymer. At higher pH values, complex formation is facilitated by the negative surface charge on the adsorbent. A maximum capacity of 26 mg/g was obtained at pH 6.2 (see Figure 6 overleaf). At higher pH values, the adsorption capacity decreased because of the precipitation of the Cu(II) ions.
Effect of temperature
The effect of temperature was investigated over the range 25-60 °C. The results showed that the adsorption of Cu(II) ions by the IIP was slightly dependent on the temperature. An increase of 8% in adsorption capacity at 60 °C indicated that the adsorption process was endothermic.
Competitive adsorption
The adsorption capacities of IIP and the control sample towards the studied cations were determined by shaking 25 mg of the polymer with 25 m of a 30 mg/ solution of each individual metal ion. As listed in Table 1 , the adsorption capacity of IIP for Cu(II) ions was much higher than that for the other studied cations. The competitive adsorption capacity of the polymers for Cu(II), Co(II), Zn(II) and Ni(II) ions was also studied. When more than one cation is present in a solution, competition occurs between these ions for the available active sites on the adsorbent surface. From the results obtained, it was deduced that the IIP showed the following metal ion affinity order under competitive adsorption conditions: Cu(II) > Zn(II) > Co(II) > Ni(II). It should be noted that the selectivity of IIP for a target ion is strongly influenced by the selectivity of the ligand and the ion geometry. The selectivity factor for Cu(II) ions relative to Zn(II), Ni(II) and Co(II) ions and the relative selectivity factor were calculated using following equations (Birlik et al. 2006; Chang et al. 2007 ):
where Q corresponds to the adsorption capacity (mg/g), D is the distribution ratio (m /g), D Cu and D M represent the distribution ratios of Cu(II) and Ni(II), Co(II) and Zn(II) ions, respectively α is the selectivity coefficient, α r is the relative selectivity coefficient, and α i and α n represent the selectivity factor of the imprinted sorbent and non-imprinted sorbent, respectively. As can be seen from the data listed in 
Statistical and calibration parameters
A calibration curve was constructed using six standard Cu(II) ion solutions (0.05-1 µg/m concentration). The linear regression equation and squared correlation coefficient (R 2 ) for the Cu(II) ion were A = 0.103C + 0.028 and R 2 = 0.997 respectively, where A is the absorbance and C is the amount of Cu(II) ions in the solution (µg/m ). Six replicate determinations of a 0.5 µg/m solution of Cu(II) ions gave a mean absorbance of 0.084 with a relative standard deviation of 7.8%. The limit of detection (LOD) under optimized conditions, as calculated from C LOD = 3(S b )/m, was 0.04. The adsorption capacity of the adsorbent was determined after each cycle in a series of eight consecutive recyclings. The results showed that the adsorbent can be used repeatedly and exhibited a satisfactory adsorption capacity in each case; after eight such cycles, 80% of the adsorbent capacity remained (see Table 3 ).
Re-usability of the adsorbent
Application to a real sample
The applicability of the method to a real water sample taken from the Zayandehroud river was studied. Samples were collected from different regions of the river with any suspended material being removed by filtration in each case. The standard addition method was applied to check the selectivity of the IIP for Cu(II) ions against the matrix elements. Thus, to a 100 m portion of the river water whose pH value had been adjusted to 6.2, 25 mg of IIP particles were added and the sample was shaken for 90 min. After centrifugation, the supernatant solution was removed and the polymer was washed with doubly distilled water. The adsorbed Cu(II) ions were eluted using 2 m of 1 M HNO 3. The Cu(II) ion content of the resulting solution was determined by FAAS. In the real samples, this content amounted to 0.18 µg/m .
